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Abstract: 
Electrochemical conversion of carbon dioxide into valuable chemicals or fuels is an increasingly 
important strategy for achieving carbon neutral technologies. The lack of a sufficiently active and 
selective electrocatalyst, particularly for synthesizing highly reduced products, motivates accelerated 
screening to evaluate new catalyst spaces. Traditional techniques, which couple electrocatalyst operation 
with analytical techniques to measure product distributions, enable screening throughput at 1-10 catalysts 
per day. In this paper, a combinatorial screening instrument is designed for MS detection of hydrogen, 
methane, and ethylene in quasi-real time during catalyst operation experiments in an electrochemical flow 
cell. Coupled with experiment modelling, product detection during cyclic voltammetry (CV) enables 
modelling of the voltage-dependent partial current density for each detected product. We demonstrate the 
technique by using the well-established thin film Cu catalysts and by screening a Pd-Zn composition 
library in carbonate-buffered aqueous electrolyte. The rapid product distribution characterization over a 
large range of overpotential makes the instrument uniquely suited for accelerating screening of 
electrocatalysts for the carbon dioxide reduction reaction.
Introduction: 
The prospect of utilizing solar energy to promote the electrochemical or photoelectrochemical 
reduction of CO2 to transportation fuels has motivated extensive research aimed at identifying highly 
active and selective electrocatalysts for the CO2 reduction reaction (CO2RR).1,2 Unfortunately, many of 
the electrocatalyst materials investigated to date predominately produce 2 e- products such as CO and 
formate and/or catalyze the competing hydrogen evolution reaction (HER).3 These products are not as 
readily used as fuels as are hydrocarbons or alcohols. To date, only Cu-based catalysts have been to 
reduce CO2 to hydrocarbons and alcohols with appreciable Faradaic efficiency (FE), yet these catalysts 
suffer from poor selectivity to any single product and from high overpotentials for generating the highly 
reduced products.3,4 Exploration of other electrocatalysts has been limited to date, in part due to the 
limited throughput of electrocatalyst screening platforms that couple with analytical techniques to 
measure product distributions. Since product distributions vary with catalyst overpotential,4 the search for 
additional catalysts is best performed by screening over a range of overpotentials for each candidate 
catalyst, further limiting throughput. Since the detection of even small quantities of desired products 
could open new lines of inquiry, low detectability limits are also desirable, creating further challenges for 
increasing experiment throughput. Motivated by these considerations, we designed a screening platform 
intended to maximize catalyst screening throughput while scanning over ca. 1 V range of overpotential 
with ca. 0.03 mA/cm2 (geometric area) partial current density detection limit for desirable light 
hydrocarbons (CH4 and C2H4), which for catalyst operating above 1 mA/cm2 corresponds to FE 
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detectability better than 3%. The undesired product from the competing HER reaction (H2) is also 
detected to assess the overall FE for the CO2RR. These goals were met through design of a flow cell 
reactor, pervaporator with differential water pumping, and mass spectroscopy-based detection system that 
provide product analysis at 12 s intervals during electrochemical experiments. Coupled with experiment 
modelling, product detection during cyclic voltammetry (CV) enables estimation of the voltage-dependent 
partial current density for each detected product. This combination of a scanning electrochemical flow 
cell with online mass spectroscopy contributes to the broader field of combinatorial electrochemistry5 and 
enables new screening modalities compared to other combinatorial screening approaches, in particular 
due to the rapid throughput obtained at the expense of the breadth of detected reaction products.6–9
The use of mass spectroscopy coupled to electrocatalysis has been well demonstrated with 
differential electrochemical mass spectrometry (DEMS), an analytical technique that introduces the inlet 
to a mass spectrometer into an electrochemical reactor.10, 11, 12 It has been widely utilized to provide quasi-
real-time detection of electrochemical reactants/products/intermediates. The DEMS technique was first 
demonstrated13 using a cell in which electrode material is deposited directly onto the PTFE membrane 
inlet to the mass spectrometer. Its major advantage is quick instrument response time and high reaction 
product collection efficiency. However, when the reactant(s) of the desired reaction are volatile, as is the 
case for CO2  in the CO2RR, reactant volatilization lowers its concentration at the electrode surface, 
changing the electrochemical environment compared to a traditional experiment.10 The intensive 
preparation of the working electrode with membrane also limits opportunities to deploy the technique for 
high throughput studies.
Thin-layer-type DEMS cells were developed in the 1990s14 to investigate a wider variety of 
electrode types. In contrast to the classic cells, the working electrode of a thin layers DEMS cell is 
separated from the membrane interface via a thin-layer of electrolyte, eliminating the need to prepare 
membrane electrodes. Dual thin layer flow cells, where WE and membrane interfaces are segregated in 
two separate thin-layer compartments, were later introduced to help decouple reactor operation with 
product detection.15 However, electrochemical engineering challenges remain, particularly with the tip of 
the DEMS probe influencing mass transport at the working electrode surface, and further introducing 
variable resistance between the working electrode and the reference electrode. 
Online electrochemical mass spectrometer (OLEMS) was later introduced to avoid complicated 
cell configurations while retaining the ability to study a variety of electrode formats. The defining feature 
of OLEMS is the MS inlet which consists of a capillary tip covered16 with a PTFE membrane.17 The small 
tip inlet is placed near the working electrode (10-50 μm) to implement direct sampling of the reaction 
surface. The use of a capillary inlet was further employed to create a multi-electrode scanning DEMS 
(SDEMS) cell for investigating electrode arrays/libraries of different types and compositions.8,9,18 In such 
applications, the capillary inlet is attached to a positioning system to raster along an electrode or array of 
catalysts on a common WE. Such a strategy creates a tradeoff between using a small WE-capillary 
distance for spatial resolution and product sampling and using a larger distance to avoid disruption of the 
local mass transport. Similar tradeoffs exist with the small product sampling area compared to WE area 
that can limit the ability to establish FE values.
Scanning electrochemical flow-cells provide consistent and desirable mass transport conditions, 
motivating their development for characterization of both discrete19 and continuous7 composition 
libraries. Klemm et al.20 studied corrosion processes by characterizing material dissolution via a scanning 
flow cell (SFC) coupled to ICP-MS, enabling a throughput of ca. 102 samples per day. Their SFC was 
later coupled to an OLEMS for characterization of volatile reaction products.7,21 This approach provided 
semi-quantitative evaluation of the electrochemical production rate of hydrogen and some CO2RR 
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products, enabling comparison of the relative production rates of the catalysts they investigated. More 
recently, Katsounaros et al. reconfigure the SFC-MS design and coupled with a nebulizer to expand 
detection of a broad range of product including organic acids in real-time.22 Such development helps 
quick and complete assessment of potentially formed product distribution over a catalyst. However, the 
concerns with a local sensing probe remain.21  To provide product detection over an entire WE, Clark et 
al.23  introduced a DEMS flow cell that provides excellent characterization of individual electrocatalysts, 
motivating use of a similar design for product sampling in the present work in which we could combine 
this type of pervaporation cell with a combinatorial electrochemical flow cell.  
While displacing the pervaporation cell from the electrochemical cell enables product sampling 
from the electrolyte effluent to facilitate integration of the electrochemical and MS data, the associated 
dilution of products compared to their high concentration within microns of the WE surface poses 
substantial challenges for obtaining the desired sensitivity. Direct connection of a PTFE pervaporator to 
the MS inlet introduces a large water flux that is traditionally pumped primarily by a mechanical pump 
with a small fraction of the gas stream entering the MS inlet due to the limited pumping speed of the MS 
system at the high vacuum levels required for MS operation. The ratio of molar pumping rate between the 
MS and mechanical pump proportionally lowers product detection, and the large concentration of water in 
the MS additionally raises the background level of the spectrometer.21,23 In this work, we present an 
electrochemical mass spectrometry (EC-MS) instrument that circumvents these issues while sampling the 
bulk electrolyte, and additionally demonstrate the role of simulation-based interpretation of experimental 
results to realize the on-line detection of H2, CH4 and C2H4 during CV at 0.01 V/s. We demonstrate the 
system by using the well-established thin film Cu catalysts and screening a Pd-Zn library in carbonate-
buffered aqueous electrolyte and show a fast and reproducible result of reaction product quantification.
Experimental Section:
Electrochemical-Mass Spectrometry (EC-MS)
The EC-MS design is shown in Figure 1. The electrochemical flow cell is isolated from the product 
collection chamber (pervaporation chamber) to facilitate a well-defined electrochemical reaction 
environment. Gaseous reaction products formed at the catalyst surface remain dissolved in the electrolyte, 
which is continuously transported to a pervaporation chamber via peristaltic pump located downstream of 
this chamber. Figure S1 shows higher electrolyte flow rate results in more stable (less noises) MS 
response due to fewer bubbles formed and faster MS baseline recovery. In contrast, it also dilutes the 
reaction product and hence lower MS response intensity. By balancing these effects, the electrolyte flow 
rate was selected to be 160uL/s. In the pervaporation chamber, the product-containing electrolyte stream 
flows over a porous membrane (PTFE, 20 nm pore size, Hangzhou Cobetter Filtration Equipment Co.) 
that is exposed on one side to a high vacuum system. This allows volatile electrolyte species, including 
reaction products as well as water vapor, to be continuously introduced to the vacuum system. A custom 
in-line desiccant chamber is inserted between the pervaporation chamber and the MS to remove the water 
vapor, performing the traditional role of the mechanical pump to lower the vacuum line pressure to a level 
suitable for the MS with the critical additional feature that the water vapor and alcohols are specifically 
pumped, substantially increasing the concentration of the gas products to be detected. This method of in-
vacuum water and alcohol pumping improves the detection limit of reaction gas products by a factor of 
ca. 100 (see Figure 2). The stainless steel desiccant chamber is constructed of tubing and vacuum 
connectors. The chamber is ca. 62 cm long with internal diameter 0.81 cm. The chamber is filled with 
molecular sieve type 3A (Sigma Aldrich) particles of diameter 2.5 to 3.5 mm, enabling ca. 20 g of 
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desiccant that supports ca. 5 hours of operation before desiccant saturation requires regeneration, for 
example by heating the chamber in a vacuum tube furnace at 250 0C for 10 hours. The desiccant chamber 
is connected to the pervaporator and to MS by 1/16 in. tubing.
The electrochemical flow cell (Figure 1) is machined from Polyether ether ketone (PEEK) material for 
chemical inertness and allows for three-electrode electrochemistry to be performed on planar electrodes 
where the active area is defined by the 6.4 mm inner diameter of the Buna-N O-ring that seals the cell to 
the electrode. Prior to daily experiment, the cell was treated with UV-generated ozone to reduce the 
wetting angle of the electrolyte on the exposed surfaces of the cell, which reduces the holdup of gaseous 
product bubbles.23 A spring-loaded mount of the flow cell enables sealing with fixed force via stepper 
motor-controlled elevation of the working electrode, and additional stepper motors (Dover Motion) 
enable lateral translation when the plate is disengaged from the cell. Note that electrolyte flow is stopped 
during cell disengagement, travel, and engagement, and the cell can be flushed with gas to avoid 
electrolyte spill. Since the membrane in the pervaporator is exposed to gas during translation and 
commencement of electrolyte flow, a valve between the pervaporator and molecular sieve chamber is 
closed until electrolyte flow has started and the system is ready to start measurements. Combined with 
control software, the system performs automated serial experimentation of an array of catalysts on an 
electrode plate. The electrochemical flow cell also contains an additional port for auxiliary 
instrumentation, such as a fiber optic for introducing front-side illumination to the electrode, but is not 
utilized in the present study. 
Electrolysis was carried out with a Gamry Reference 600TM potentiostat. All electrochemical data were 
collected using a Ag/AgCl reference electrode (LF2, Innovative Instruments) and converted to a 
reversible hydrogen electrode (RHE) scale using the measured solution pH of 6.8 The uncompensated 
solution resistance was measured by performing electrochemical impedance spectroscopy (EIS) in the 
frequency range of 100 Hz–500 kHz with an amplitude of 10 mV at the open circuit potential of a Cu-Pt 
working electrode-counter electrode system. The uncompensated resistance, Ru, was measured by using a 
Nyquist plot of the EIS spectra and was found to be 60 Ω. All electrochemical measurements are 
compensated by this value in post-processing to yield figures with resistance-compensated values of 
electrochemical potential. Prior to the electrolysis, the electrolyte (0.1 M KHCO3, >=99.95% trace metals 
basis, Sigma Aldrich) was purged with CO2 (99.999%, Airgas) for at least 30 min. A bipolar membrane 
(BPM, Fumasep® FBM single film, Fumatech) was used to separate the working and counter electrodes. 
Platinum wire (99.9%, Sigma Aldrich) which is accommodated in the middle green tube (in figure 1) was 
used as the counter electrode. The CE chamber is recirculated with the same electrolyte bubbled with CO2 
as used for WE through the two green tubes shown in figure 1 (left: in; right: out). The surface area of the 
counter electrode was ca. 0.25 cm2, while the working electrode surface area was 0.32 cm2.
Mass spectra were acquired on a Hiden HPR20 mass spectrometer connected to the outlet of the 
molecular sieve chamber. An electron energy of 70 eV was used for ionization of all species, with an 
emission current of 20 μA. Hydrogen (m/z = 2), methane (m/z = 15), ethylene (m/z = 26) ions were 
accelerated with a voltage of 3 V. All mass-selected product cations were detected by a secondary 
electron multiplier with a detector voltage of 940 V. The dwell and settle time were set at 25% to 
optimize for speed and a data point was recorded every ca. 12.5 s.
Catalyst Synthesis
To demonstrate the operation of the high-throughput analytical electrochemistry system, Cu thin film 
electrocatalysts were fabricated using DC magnetron sputtering of a 2” Cu metal target at 50 W in 6 
mTorr Ar onto a 100 mm-diameter Si wafer with an approximately 170 nm SiO2 diffusion barrier, using a 
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previously described sputter system with 10-5 Pa base pressure.24 After deposition, the films were stored 
in a nitrogen purge box until the day of electrochemical testing, although no other catalyst treatment was 
performed prior to electrocatalyst screening. The Pd-Zn thin film electrodes were deposited under similar 
conditions from elemental metal targets with Pd and Zn sources at 24 W and 36 W, respectively. The 
separation of the source provided a continuous composition gradient across the Si wafer enabling catalyst 
testing of 7 electrodes from Pd0.68Zn0.32 to Pd0.04Zn0.96, with the composition variation within each 5 mm-
daimeter electrode being less than 4%, sufficiently small to approximate a uniform metal catalyst. The 
deposited thin film library was annealed in 5% H2/Ar at 350°C for 60 minutes in a tube furnace.
Catalyst Characterization
The composition and structure of the Pd-Zn catalysts were characterized via x-ray fluorescence (XRF, 
EDAX Orbis MicroXRF) and synchrotron x-ray diffraction (XRD). The synchrotron measurements were 
performed at beamline 1−5 of the Stanford Synchrotron Radiation Light source (SSRL) at SLAC National 
Accelerator Laboratory using a 12.7 keV source in reflection scattering geometry with a setup described 
previously.25 Phase identification proceeded by identifying candidates in the International Crystallography 
Diffraction Database (ICDD®) that best match the integrated 1D XRD patterns.
Simulator for Data Modelling
For a given volatile species, the measured MS signal is related to the concentration of the species 
in the flowing electrolyte from the electrochemical flow cell to the pervaporation cell. The porous PTFE 
membrane creates channels of relatively static electrolyte through which species must diffuse to enter the 
vacuum system and MS inlet. Understanding time-varying MS measurements requires a model for the 
diffusion through the membrane pores. The various parameters and variable relating the electrochemical 
generation of volatile molecules to their MS detection are detailed in Table 1 and used in the Fickian 
diffusion model with the concentration of each species (M) in the membrane governed by
dCMdt = d(DMdCMdx )dx . (1)
Given the values for the electrolyte concentration (CM) as a function of time, numerical 
evaluation of this differential equation enables calculation of the concentration profile through the 
thickness of the membrane and thus the molecular flow rate into the vacuum system (ΓM) that is 
proportional to the partial pressure in the MS (PM). 
Parameters for the numerical evaluation include the time step (δt) and length step inside 
membrane (δx), which are empirically chosen to be sufficiently small that the simulator results are stable. 
The effective electrolyte channel length through the membrane (Xmem), electrolyte diffusion layer at the 
membrane-flowing electrolyte interface (dmem), and mass spec transfer coefficient (ρ) are estimated from 
known properties of the system and tuned as necessary to match calibration data discussed below. The 
parameter ρ is the ratio of 2 molecule-specific quantities (PM/CM) but is itself not molecule-specific under 
the assumption that all volatile molecules will evaporate and be pumped through the vacuum system with 
effective time constants far faster than that of the diffusion within the membrane; i.e. that compared to the 
ca. 10 s time scale of diffusion and MS measurements, the change to the gas composition in the MS 
system due to any change to molecular concentrations at the membrane-vacuum interface occurs 
effectively instantaneously. This calibration constant encompasses the ratio of the evaporation rate and 
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the pumping rate and the differential pumping fraction of the MS for species not sorbed in the desiccant 
chamber (ca. 10%). 
Molecule-specific parameters used in the simulator that are determined via calibration 
measurements include the diffusion coefficient of molecules in electrolyte (DM), which are confirmed to 
be within the range of published values for aqueous solutions, and the relative sensitivity of each gas 
molecule in MS (SM). Calibration of all necessary parameters proceeded by matching the modeled MS 
signals (PM) with experimental data acquired using electrolyte flow with toggling from product-free 
electrolyte to electrolyte saturated with calibration gas, corresponding to CM values of 3.88 mM H2, 6.88 
mM CH4, and 23 mM C2H4. The duration of flow of the calibration electrolyte was 24, 38, 120, and 600 s 
in subsequent measurements to mimic constant production rates of those molecules for the respective 
duration.  By inputting the corresponding square-wave profiles of CM into the model, we confirmed that 
the model replicates the MS signals over these different time scales, as shown in Figure 3. The final 
parameters selected are noted in Table 1. Since the model provides the molecular flow rates (ΓM), we 
confirmed that the total flow rate of order 10-13 mol/s matches our expectation from the manufacturer’s 
turbo pump rate, as expected by conservation of molecules. One example calibration simulation is shown 
in Figure 4 including the concentration profile through the thickness of the membrane at various 
snapshots in time.  
With the model parameters in place, any CM(t) profile can be input into the model to produce the 
corresponding PM(t), and comparison with MS measurements determines whether the CM(t) profile is 
consistent with experiment. It is worth noting that the model is always run to predict PM from CM and not 
vice versa because it is not readily invertible. Candidate CM(t) profiles are generated for a given 
electrochemical experiment, which for the present work includes electrolyte flow at 160 µL/s and a CV at 
scanning rate 10 mV/s from E0 (i.e. starting potential) to E1 and back. At any point in the CV, each 
product is being created at a partial current density Jp,M , which from the e-/mol and flow rate corresponds 
to concentration of 
CM = Jp,M / (f F nM) (2)
assuming the flow is sufficiently high to keep all concentrations below solubility limits, an assumption 
that is only violated at high current densities discussed below. The measured PM are proportional to Jp,M so 
creating a family of all possible MS measurements up to this proportionality constant requires assemble 
of a set of possible Jp,M profiles. By simulating each Jp,M profile, a library of candidate Pmodel,M are 
obtained, and then data analysis for the Pmeas,M from each CV experiment proceeds by calculating the fit 
loss for each candidate Pmodel,M through regression fitting of the single proportionality constant parameter 
and then choosing the Pmodel,M profile with minimum loss.  
While a broad range of possible Jp,M profiles can be conceived, for the purposes of the present 
work we assume the variation with E is the same on the cathodic and anodic portions of the CV. The 
variation of Jp,M as a function of E is generally smooth, especially during a linear voltage sweep, with 
typical models including exponential (e.g. Butler-Volmer process), sigmoidal (e.g. mass-transport-limited 
process), or localized peak (e.g. when competing reactions create a more complicated thermodynamic and 
kinetic landscape that produces an optimal potential for production of a given product). Any of these 
shapes can be approximated by a Gaussian provided consideration of a sufficiently broad range of the 
center-potential and width parameters, especially if the center potential is allowed to go beyond the range 
of the CV such that only the exponential tail of the Gaussian function is utilized within the CV potential 
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range. Under this Gaussian model the partial current density for generation of a given molecular species is 
described by
,  ,Jp,M(E, σM, μM,J1,M) =  J1,M ∗ α ∗ e( ― (E ― μM)2)2 ∗  σM2 α = 2 ∗  σM2e( ― (E1 ― μM)2) (3)
and using the time-dependent potential of the CV, the time profile of  is obtained.  is the partial Jp,M J1,M
current density at E1 and serves as the scaling factor for the loss minimization for a given . As σM, μM
noted above, flexibility in the profiles is obtained by varying μM beyond the CV potential range, 
motivating the constraint that μM ≥ E1 – 2* σM to avoid inclusion of Gaussian models that are only 
activated at the “tail” of the distribution.
To provide one example of a more complicated family of candidate profiles, consider hysteresis in Jp,M 
between the cathodic and anodic sweeps requiring independent σM and μM for the cathodic sweep and for 
the anodic sweep. Continuity at the turn-around potential is obtained by using a single value for J1,M, and 
then the same data processing proceeds by choosing a set of values for the cathodic and anodic σM and 
μM.
The final aspect of the data processing routine is the design of a loss function for the J1,M regression, for 
which we use a modified least-squares approach. Due to occasional bubble nucleation in the electrolyte, 
which occurs with regularity when the total current density exceeds ca. 5 mA/cm2, spikes in  can Pmeas,M
occur that are not modelled in , motivating lowered sensitivity to positive residuals through Pmodel,M
relative weighting of negative residuals by a factor of 5. The most important aspect of the measurement is 
the onset of product formation during the cathodic sweep, motivating an additional weighting of residuals 
from measurements in the first half of the CV by an additional factor of 3. Even with this custom loss 
function, we have observed that large outliers can result in loss minimization with very small values of 
σM, which can result in an unphysical FE value for a small region of the CV and near zero FEM for the rest 
of the CV. To avoid such unphysical solutions, the regression is performed with an upper limit on  J1,M
corresponding to the value that would lead to FEM of 110%, which is calculated from the total current J 
for the respective CV experiment. 
Since spikes in the electrochemical current can result in unphysical spikes in FEM, J is smoothed using 
cubic Savitsky-Golay filter with a window of 129 data points corresponding to 129 mV. This filtering is 
not applied to the first 64 data points since the transient capacitive current at the onset of the CV is not 
smooth on this scale. To avoid division by zero and negative FE values, only values of J below -0.01 mA 
are considered in FE calculations. 
Results and Discussion: 
Cyclic voltammetry was conducted at 10 mV/s to demonstrate the ability of the EC-MS to rapidly 
quantify the generation rates of multiple electrochemical reaction products in real time. Six separate 
samples from a single Cu film were tested to examine the reproducibility in a standard serial screening 
across a combinatorial library. Polycrystalline Cu was selected for validating the system because its 
product distribution is well documented in the literature and includes all products that can be detected as 
well as others that cannot be detected by our system. The recorded MS signal and modeled 
electrochemical results of the 6 testes are shown in Figure 5, demonstrating that the modeled MS signal 
generally matches well with the measured data points with a few outliers due to bubbles, as described 
above. Figures 6 and 7 show the modeled currents and their corresponding FE with sufficient consistency 
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among the 6 experiments to demonstrate that any substantial variation in FE profiles over a combinatorial 
library could be identified, particularly for the last 2 CV cycles. The 3 CV cycles commenced on the Cu 
thin films without any pretreatment, so the relatively varied results in the first cycle can be attributed to 
variation in organic or other contaminants that appear to be removed in subsequent CV cycles.
The onset potentials for the different reactions, i.e. where FE first exceeds 1%, are a descriptor of 
electrocatalytic performance for generation of the respective products. The values of ca. -0.7 to -0.8 V vs. 
RHE for C2H4 and ca. -0.9 to -1 V vs. RHE for CH4, along with the values of Jp and FE shown in Figure 
6 and 7, are in excellent agreement with reported values from traditional long-duration 
chronoamperometry experiments.4 The total FE for CO and liquid products not detected by our high 
throughput instrument is also in good agreement with the sub-100% FE in Figure 7, which from a catalyst 
screening perspective means that we can successfully identify when we are “missing” products that need 
to be detected in subsequent experiments such as the lower throughput screening system we reported 
previously.6
The importance of the diffusion modelling described above highlighted by the rapid changes in 
partial current density compared to the time response of the detection system due to the high CV scan 
rate. To characterize catalysts without the need for simulation, Clark et al.23 utilized a cathodic voltage 
sweep at 0.2 mV/s. In the present work, the simulation-based data processing uses the measurements from 
the entire CV to provide smooth models for JpM and FEM while maintaining a much higher scan rate of .e. 
10 mV/s so that each catalyst can be evaluated using 3 CV cycles at a throughput of 540 s per sample. 
This high speed scanning was not achieved at a cost of sacrificing measurement accuracy. The obtained 
partial current density for our reported gas product (Figure 6) generally agrees well with that reported by 
Clark et al23 at similar potentials. Moreover, due to separating electrochemical cell from product 
collection chamber (pervaporator cell), this system allows to test any type of plate electrode with area > 
0.32 cm2 without strict restrictions for catalysts preparation. Accompanied with the design for simple 
changes of measurement locations, in contrast to the DEMS setup by Clark et al., EC-MS can quickly 
filter out catalysts with no interests and find out promising ones for further detailed research.
Due to gradual variation in the MS sensitivity, we have found that a daily calibration of the 
sensitivity factors is important establishing correct absolute values of JpM and FEM. Figure 8 shows results 
for Cu thin film electrodes tested on different days over a span of 4 months, revealing excellent 
repeatability after the initial CV. In Figures 6, 7 and 8, the most notable variation in JpM and FEM is for H2 
between -0.4 and -0.8 V vs RHE. At the highest potentials, the low value of J makes the value of FEM less 
well determined, but we believe that the more substantial cause of this variation is that the JpM profile is 
not sufficiently modelled by the Gaussian profile assumed in the model, which is consistent with the 
reported potential-dependent FE of H2. The high MS signals at low applied potential dominate the loss 
function, making this region of the FEM results well reproduced in the various experiments. Since the Jp 
at high potential is not well explained by the model, the best-fit model is more susceptible to noise, 
creating the noted variability in JpM and FEM . While more complex models could be applied to better 
model the H2, such additional effort is not well motivated by the research goals. For catalyst discovery, 
the hydrocarbons comprise the desirable products, making their reproducible detection and 
characterization of utmost importance. The absence of H2 would be a positive result and the noted 
variability in low-overpotential FEM would not be an issue in that case. The larger lesson is that trade-offs 
exist for an accelerated screening technique, and before embarking on high throughput campaigns one 
must validate that the signals of greatest interest can be robustly characterized. The present work 
demonstrates the ability of this new screening system to identify hydrocarbon forming and/or HER-
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inactive catalysts, and the same hardware and simulation-based analysis approach can be tailored for 
other screening activities with appropriate modification of experimental parameters.  
The same screening technique was applied to a series of thin film electrocatalysis in the binary 
Pd-Zn library. Pd-Zn was selected because the two elements and several related catalysts have been 
reported for electrochemical CO2RR, and the binary phase diagram contains several intermallic 
compounds that may exhibit unique electrocatalytic activity. Previous experimental work in related 
systems includes Pd3 and Pd-based bimetallic electrocatalysts Pd-Cu,26 Pd-Au,27 Pd-Pt,28 Pd-Sn,29 Pd-
Ru,30 and Pd-Te,31 which have all been shown to form CO and formate.32 Zn was also reported for CO 
formation but the reported numbers of FE vary significantly,3,33 likely due to variation in the oxidation 
state of Zn catalysts.33
The [2, 0, 1] surface of tetragonal PdZn phase was identified by Tran and Ulissi34 as having a 
desirable CO binding energy. XRD characterization of the Pd-Zn library (Fig. 9) confirm formation of 
this target phase, although demonstration of presence or absence of the target facet is beyond the scope of 
the present work. The XRD analysis also reveals the presence of a Pd2.35Zn10.65 intermetallic phase in the 
Zn-rich compositions as well as a Zn-alloyed fcc-Pd phase for Pd-rich compositions.
The electrochemical-analytical characterization of 7 Pd-Zn catalysts is shown in Figure 10. No 
formation of methane and ethylene were observed, with hydrogen being the only product detected by our 
instrument, in agreement with previous reports on Pd and Zn-based catalysts noted above. A FE for H2 
well below 100% indicates that undetected products are being formed, which given the related catalysts 
discussed above is likely formate and/or CO. The Pd-rich compositions appear to have a high FE for these 
2 e- CO2RR products, in agreement with previous studies. The FE for H2 and the total catalytic current 
increases with Zn concentration, with the most Zn-rich catalysts exhibiting current densities that well 
exceed the ca. 5 mA/cm2 limit to avoid bubble nucleation. Some instability in the resulting 
electrochemical measurement is evident in Figure 10, and from a screening perspective demonstrates that 
these catalysts are far too active for HER to be further considered for CO2RR.
The development of an effective high throughput experiment involves concomitant integration of 
mutually compatible components. The high electrolyte flow rate use in this work was chosen to mitigate 
gaseous segregation of reaction products and also provides an electrochemical environment that is less 
sensitive to catalyst morphology than that of a static electrolyte cell. The combinatorial variation of 
morphology and high throughput assessment of its influence on product distribution is an important use of 
this instrument that will be explored in future work. The design requirement to decouple product detection 
from the electrochemical reactor, which ensures the product detection does not influence the product 
creation, combined with the high flow rate and desire for much faster CV cycling than traditional CO2RR 
experiments, dictated the performance requirements for the pervaporator. Existing pervaporator designs 
did not meet detectability limit requirements, prompting our implementation of the molecular sieve 
chamber to provide the required 100-fold improvement in detectability limit. Upon achieving the desired 
experiment speed, data interpretation required simulation of the product separation and detection. 
Integration of these components into a high throughput instrument with automated sample change results 
in an analytical electrochemistry technology with unprecedented performance. 
Conclusion: 
We present a combinatorial screening instrument for MS detection of H2, CH4 and C2H4 in quasi-
real time during catalyst operation experiments in an electrochemical flow cell. The desire to sweep 
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potentials and lower experiment time motivates the use of CV characterization, requiring the 
establishment of a membrane diffusion modelling to relate the time-varying electrocatalysis products with 
the resulting MS signals. The selective pumping of water and alcohols in the MS pre-chamber enabled a 
factor of 100 improvement in detectability limit, which is critical for establishing protocols that can detect 
1% FE of the desired hydrocarbon products. Measurements using a series Cu electrocatalysts were 
performed to evaluate reproducibility, demonstrating consistent characterization of the prime signals of 
interest and identifying where techniques can be altered to meet different research goals. Integrating this 
accelerated screening technique with high throughput synthesis and characterization enabled rapid 
screening of new catalyst compositions and phases in the Pd-Zn system, with screening results indicated 
activity for CO2RR but not to the desired hydrocarbon products. The use of repeated CV measurements 
on each catalyst enables characterization of initial transients in catalytic properties while also exploring a 
large window of overpotential, making this instrument uniquely suited for exploring CO2RR 
electrocatalysts. 
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 Figure 1. Schematic of the electrochemical flow cell with online product detection. Electrolyte 
(during catalyst screening) or calibration solution (during MS calibration) is pulled by the 
peristaltic pump through the electrochemical flow cell where it passes over the working electrode 
(WE). The reference electrode (RE) is in the working electrode chamber, which is separated 
from the counter electrode (CE) by a bipolar membrane. The effluent of the electrochemical cell 
passes through the pervaporation cell, yielding a gaseous flux that flows over a desiccant to 
selectively pump water vapor and then continues to the MS detection system.
Table 1. Modeling parameters and values (where applicable) for simulating the generation, transport and 
detection of electrocatalysis reaction products.
Variable Description Value or unit
Product creation, transport and detection
CM Mole concentration of a molecule in electrolyte mol/m3
Xmem Effective thickness of membrane 6 10-4 m
x Position along membrane thickness that is 0 at flowing 
electrolyte interface and Xmem at vacuum interface 
m
δx Differential distance step used in simulation 1 10-5 m
t Time from the start of the CV measurement s
δt Differential time step used in simulation 1 10-3 s
dmem Electrolyte diffusion layer thickness at membrane interface 1 10-6 m
ρ Pervaporation rate for volatile species, i.e. partial pressure of 
a species per molecular concentration at the membrane-
vacuum interface 
3.72 10-6 
torr*m3/mol
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(m/z)M Mass to charge ratio for mass spectrometer (MS) 
measurement of each molecule
H2: 2
CH4: 15
C2H4: 26
SM Relative sensitivity of each gas molecule in MS at the 
respective m/z value, calibrated approximately once per day
H2: ~3.8
CH4: ~1.6
C2H4: ~0.75
DM Gas diffusion coefficient in electrolyte H2: 2.2 10-9 m2/s
CH4: 1.8 10-9 m2/s
C2H4: 1.8 10-9 
m2/s
PM Detected partial pressure by MS torr
ti,M Time point where a MS measurement is made s
Pmeas,M Measured value of PM as a function of time torr
FEM Faradaic Efficiency for a given product Fraction
f Flow rate of electrolyte mL/s
nM Number of e- per mole of product from CO2RR 1/mol
ΓM flow rate of gas molecules after the membrane mol/s
F Faraday constant 96485 s A/mol
CV scan modeling
E Electrochemical potential V vs RHE
E1 Turn-around potential, i.e. minimum potential of CV -1.3 V vs. RHE
t0,t2 Start and stop times of the CV 0 s, 180 s
Jp,M Partial current density for a given product mA/cm2
J1,M Partial current density for a given product at E1 mA/cm2
μM Value of E where Jp,M is maximal in Gaussian model V vs. RHE
Pmodel,M Modelled value of PM as a function of time torr
σM Width of Jp,M(E) peak in Gaussian model V
LM Total loss of Pmodel,M with respect to Pmeas,M for a single CV torr2
Note: subscript M indicates the value is specific to the molecular species
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Figure 2. MS signal comparing the use and absence of molecular sieve in the EC-MS system. 
The comparison was made by controlling the total MS pressure to be ~1.5 μTorr for each test. 
The first arrow on the left indicates when the flowing electrolyte was switched from CO2-
bubbled one to calibration gas-bubbled one, while the arrow on the right indicates a reversed 
switch. The calibration gas used for bubbling electrolyte contains 1% H2, 1% CH4, and 1% C2H4 
balanced with CO2.
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Figure 3. Modeled MS signals (PM, solid line) vs MS experimental data (dotted line) from a 
calibration gas solution pulsed at different time durations.
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Figure 4. Example simulation results for flowing electrolyte containing no C2H4, then 0.023 mM 
C2H4 from 0 to 120 s, then no C2H4. a) The simulated MS signals and b) the correspondingly 
C2H4 concentration within the PTFE membrane.
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Figure 5. Raw (dotted line) and fitted MS signal (solid line) for 3CVs scanned sequentially 
over 6 Cu thin film electrodes.
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Figure 6. Smoothed Jtotal (dotted line, same data for each product) and modeled Jp (solid line for cathodic 
sweep and dashed line for anodic sweep, although strong overlap with cathodic sweep makes anodic and 
cathodic indistinguishable) for 3 CVs scanned sequentially over 6 Cu thin film electrodes.
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Figure 7. FE (solid line for cathodic sweep and dashed line for anodic sweep) for 3 CVs 
scanned sequentially over 6 Cu thin film electrodes. The modelling results are largely 
determined by the high partial current density region for each product, making the H2 results 
well reproduced below -0.8 V vs RHE but less so at higher potentials.
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Figure 8. a) Smoothed Jtotal (dotted line) and modeled Jp (solid line for cathodic sweep and dashed line for 
anodic sweep), and b) FE (solid line for cathodic sweep and dashed line for anodic sweep) for 3 CVs 
acquired on 6 different Cu thin film electrodes each measured on a different day spanning 4 months. The 
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modelling results are largely determined by the high partial current density region for each product, 
making the H2 results well reproduced below -0.8 V vs RHE but less so at higher potentials.
Figure 9. XRD characterization of the Pd-Zn composition library revealing the presence of 2 binary 
intermetallic phases in addition to the fcc Pd phase, as well as alloying within each phase. The heat map 
(left) shows the measured XRD intensity along the compositionally graded thin film from Pd-rich 
(bottom) to Zn-rich (top), with the colored circles corresponding to the positions of the series of 7 
electrocatalyst samples. The comparison of select XRD patterns to entries in the ICDD (right) provide the 
phase labels that appear on the heatmap.
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Figure 10. Measured electrocatalyst current and FE for H2 for 3 CVs scanned sequentially over a series of 
7 Pd-Zn thin film electrocatalysts. The CH4 and C2H4 are not shown as these products were not detected. 
The color designates composition from Pd-rich to Zn-rich sample spots and matches that of Fig. 9. Each 
solid (dashed) line is a cathodic (anodic) sweep with the only substantial variation in FE with sweep 
direction where lower FE on the initial cathodic sweep of only the first CV indicates initial reduction of 
oxides from air exposure, which is most pronounced for the samples with the PdZn phase. 
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Scanning electrochemical flow cell with online mass spectroscopy for accelerated screening of 
carbon dioxide reduction electrocatalysts
Yungchieh Lai1, Ryan J.R. Jones1, Yu Wang1, Lan Zhou1, and John M. Gregoire1,*
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